Adaptive radiation (AR) theory predicts that groups sharing the same source of ecological opportunity (EO) will experience deterministic species diversification and morphological evolution. Thus, deterministic ecological and morphological evolution should be correlated with deterministic patterns in the tempo and mode of speciation for groups in similar habitats and time periods. We test this hypothesis using wellsampled phylogenies of four squamate groups that colonized the New World (NW) in the Late Oligocene. We use both standard and coalescent models to assess species diversification, as well as likelihood models to examine morphological evolution. All squamate groups show similar early pulses of speciation, as well as diversity-dependent ecological limits on clade size at a continental scale. In contrast, processes of morphological evolution are not easily predictable and do not show similar pulses of early and rapid change. Patterns of morphological and species diversification thus appear uncoupled across these groups. This indicates that the processes that drive diversification and disparification are not mechanistically linked, even among similar groups of taxa experiencing the same sources of EO. It also suggests that processes of phenotypic diversification cannot be predicted solely from the existence of an AR or knowledge of the process of diversification.
INTRODUCTION
Diversity resulting from adaptive radiation (AR) can be spectacular in both number and in form, though the processes of species and morphological diversification are often heterogeneous among clades [1] [2] [3] [4] [5] [6] . While all groups may have experienced some process of diversification [3, 6] , it is likely that many clades have passed through an early-burst period of AR, where species entering unoccupied niches rapidly fill ecomorphological space [1, [7] [8] [9] [10] , though not all groups encountering ecological opportunity (EO) show this pattern [11] [12] [13] [14] [15] [16] . The theory of AR driven by EO suggests that this deterministic early-burst process governs both speciation and ecomorphological diversification, where ecological limits ultimately guide declines in rates as niches are filled [7, 17] . However, an intriguing possibility is that species diversification is deterministic, while ecomorphological differences are intrinsic to the particular clade [3, [18] [19] [20] . Thus, AR via EO may result in contingent morphological evolution, while processes associated with rates of diversification may be heavily deterministic.
For instance, EO apparently yielded early and rapid radiations in Dendroica warblers and West Indian anoles, but one produced birds adapted to forested areas of North America and the other lizards with shared ecomorphs adapted to various conditions on islands [17, 21, 22] . This obvious example indicates that the pattern of species diversification is similar between these lizards and birds, while the ecomorphological outcomes are still contingent upon the taxonomic group and geographical region. Traditional theory predicts that both morphological and species diversification will be high early in an AR, and slowly decline as niches are filled [1, 17, 23] . Therefore, even if the outcomes of morphological change are vastly different in groups experiencing an AR, the processes (e.g. early bursts and diversity dependence, DD) associated with this change may be predictable and deterministic [3] .
Thus, the EO presented by colonization of a new region may promote deterministic patterns characterized by explosive early species diversification, but rates and patterns of morphological evolution associated with these species radiations may be contingent on the interaction between the organism, the environment and any preexisting lineages [16, 24] . If this is generally true, it would suggest that morphological diversification is decoupled (i.e. not necessarily a driving factor) from species diversification in the initial stages of an AR. Alternatively, groups experiencing high rates of phenotypic change (i.e. early bursts of morphological evolution) should be able to invade a larger breadth of niches, and thus promote rapid species diversification, implying that both processes are deterministic in an AR [25] [26] [27] [28] . While this pattern has been detected [29] , several studies have demonstrated that early bursts of species diversification may not be associated with early morphological bursts or low within-clade disparification [3, 30] . On the other hand, early bursts of morphological diversification can occur without early bursts of species diversification [11, 13, 31] .
There are several ways in which morphological and species diversification can be uncoupled. For example, it is possible for speciation rates to change while morphological variation remains static through time. In the case of allopatric speciation in non-adaptively radiating Plethodon salamanders, early bursts of species diversification occurred with little change in niche or morphology [32] . Therefore, early rapid speciation may not be accompanied by adaptive morphological change, particularly if the breadth of ecological resources is not explored. Alternatively, palaeontological and molecular phylogenetic studies have both shown that morphological variance can increase while rates of speciation decline [7, 33, 34] . In cases where morphology is linked to speciation rates, then the timing of ARs along the history of a group may also provide clues to the widespread disconnection between morphology and tempo. For example, a recently radiating group would likely fail to show a deceleration in rates of speciation or morphological change. It is also possible that random extinction and rapid morphological change towards the present would obscure the connection between morphological and species diversification [11, 33] . Importantly, these contrasting results indicate that morphology and species diversification can be uncoupled and that the general premise of AR, which suggest that these factors are tied, may be incorrect, uncommon or difficult to detect.
Because the connection has mostly been untested for groups sharing the same source of EO, it is unclear what combinations of contingency and determinism could occur between processes of species and morphological diversification. To understand whether deterministic processes drive continental radiations, it is necessary to reduce variability associated with taxon physiology as well as area and timing of EO. Thus, to relate processes of species diversification and morphological change, we examine multiple ARs that occur in the same area in similar groups at similar times.
We have identified four groups of primarily temperate New World (NW) squamate reptiles that share a similar continental source and timing of EO: crotaline vipers, lampropeltinine ratsnakes, thamnophiine watersnakes and Plestiodon skinks. All four groups originated in the Old World (OW), likely tropical Asia, and subsequently colonized the NW through Beringia at the end of the Oligocene or Early Miocene [35 -38] . All are diverse in the NW, and have produced from 3.5 to 19 times as many species as their OW sister groups [39] . Using multilocus phylogenies, we ask whether processes of species and morphological diversification are similar among groups that share the same source and timing of EO?
Taking into account phylogenetic uncertainty, we examine species diversification processes using standard likelihood and coalescent models as well as those that correct estimates given extinction rates (see the electronic supplemental material, table S1). These models assess constant diversification, changes in diversification owing to DD or ecological limits, and changes in diversification owing to external features including the environment [40 -42] . Specifically, we test whether these radiations follow the same predictive deterministic processes indicated by AR theory [1, 7, 17] . By using measures of body size, we then ask whether processes of morphological diversification are similar among these groups and associated with any particular process of species diversification? Body size accounts for most of the variability within organisms and generally explain most physiological changes across these scales [43 -45] . Size in squamates, particularly in snakes, is correlated with other adaptive morphological features, particularly gape, which governs key life-history attributes, such as prey size [46] [47] [48] [49] . For the groups examined here, broad habitat preference in crotaline snakes and Plestiodon skinks is associated with body length [50] [51] [52] [53] , whereas size in lampropeltinine and thamnophiine snakes is linked to diet, locomotor performance and habitat preference [48, 54, 55] . We measure change in morphology over time using disparification analyses, and test five standard models across the phylogenies, accounting for Brownian motion (BM), increases or decreases in the rate of change through time (early and late bursts), stabilizing selection (Ornstein-Uhlenbeck, OU) and white noise [3, 46, 56, 57] . Our results provide evidence that processes of species diversification are deterministic in groups that share a similar source of EO, whereas morphological change never occurs in early bursts and disparification is generally not predictable.
METHODS
(a) Phylogenetic estimation To examine patterns of species diversification in the NW squamate groups Crotalinae, Lampropeltini, Plestiodon and Thamnophiini (see the electronic supplementary material, table S2), dated phylogenies for each group were estimated using the relaxed phylogenetics method implemented in the program BEAST v. 1.6.2 [58, 59] . Rates of evolution were independently drawn from an uncorrelated lognormal distribution while accounting for phylogenetic uncertainty. Trees were calibrated using fossil taxa placed at the stem of each group with an appropriate lognormal distribution (see the electronic supplementary material, text S1). Each gene was provided with its own partition and model (GTR þ G þ I ) and rates and times were estimated under the uncorrelated lognormal tree-prior, with a birth -death prior on speciation rates and Jeffrey's priors on the substitution model parameters. BEAST was run for 5 Â 10 7 generations, sampling every 1000th generation, two times for each group to ensure convergence for all parameters, as determined using effective sample sizes (.200). We sampled 100 per cent, 89 per cent, 81 per cent and 78 per cent of the respective taxa for the indicated markers (in parentheses): lampropeltinines (1 mtdna, 2 ndna), NW Plestiodon (1 mtdna, 8 ndna), NW crotalines (7 mtdna, 1 ndna) and thamnophiines (6 mtdna; electronic supplementary material, text S1 and table S3).
(b) Morphological data Morphologically diverse snakes and lizards tend to show the greatest difference on a size axis as measured by total length (TL) [35, 36] . As snakes and skinks have indeterminate growth, we used log-transformed maximum TL in all species, this has been successfully applied in the studies of morphological change and evolution in both snakes and Plestiodon skinks [13, 48, 60] . Taxa were either measured directly for this study, or maximum TL was taken from the literature (see the electronic supplementary material, table S3).
(c) Models of species diversification We first examine whether the posterior probability (Pp) of all trees show the signal of a non-constant speciation rate using the standard estimate for g but under the consideration that with three of the four datasets not all NW species are sampled. For the crotalines, we sampled 81 per cent of known species (100/123), water snakes 78 per cent (45/58), lampropeltinines 100 per cent (37/37) and NW Plestiodon skinks 89 per cent (25/28) . Because missing species can give the illusion of non-constant species diversification, and increased type I error [61, 62] , we used a modified version of the MCCRtest [13] in R [25] that accounts for missing taxa to be nonrandomly sampled to the genus or higher taxonomic group. This procedure is simulated 1000 times for each group, the distribution of g under these constant rate (CR) models is produced, and gammas from our real trees are compared with this CR distribution of gamma to assess significance.
Preferred models of species diversification were assessed across 5000 trees from the Pp distribution. Models were sorted into two basic categories: coalescent and standard likelihood models, because the former are likelihood approximations based on coalescent population genetic models taken from the literature and not comparable to the full likelihood solution of the latter. Within each category, models were ranked via AIC weights for each tree and then summarized over the entire Pp of trees (n ¼ 5000) for each group in the R [63] function Misfits, available from coauthor F.T.B. that also uses code from GEIGER [56] , laser [41] and script from [40] . The nine coalescent models assess the probability of time-constant or time-variable rates of speciation (l) and extinction (m) and time-constant or time-variable diversity (speciation-extinction; electronic supplementary material, table S1). The 12 standard models account for Yule and birth-death processes, as well as changes in speciation rate owing to DD or external factors (SPVAR, Yule 2) such as the environment (monotonic or hyperbolic decay) and changes in extinction rate (EXVAR) or both speciation and extinction (BOTHVAR; [41] ). Because none of these models can account for the impact of extinction on DD, we determined l and m values from the Pp tree for each group using the TreePar package in R [25] , which uses a maximum likelihood (ML) method to test for constant species diversification, diversity dependence without extinction (DD 2 E) and diversity dependence with extinction (DD þ E), where l and m were taken from the ML estimates [42] . We also reparametrized l and m for the DD þ E analyses to account for extinction when m ¼ 10-50% of the initial l rate.
(d) Morphological evolution We first determined whether there is significant phylogenetic signal for the morphological data collected for each of the four groups. We used Blomberg's K statistic [64] , with 1000 randomizations in the R package 'phytools' [65] .
We estimated the optimal model of size evolution for each squamate group using the models BM (morphological change with variance increasing from the root to tips), OU (stabilizing selection model) and early burst (morphological change decays exponentially with time) described in Harmon & Glor [66] as well as white noise, which is a non-phylogenetic model in which all species values are drawn from a single multivariate normal distribution with shared mean and variance [27, 67, 68] and the late burst model, where morphological change increases exponentially with time [46] . These five models were assessed using AIC weights over the Pp of trees for each group in the R function Minorthreat, available from co-author F.T.B.
We also used the node-height test to determine whether rates of morphological evolution have decreased through time. First, the absolute value of standardized independent contrasts for body size on the time-calibrated tree is calculated for each group. We correlated these contrasts with the age at each node. A significant positive relationship between contrast and age suggests that rates of morphological evolution have decreased through time [11, 69, 70] .
We examined morphological disparity partitioning through time by modifying the code in GEIGER [56] , which estimates disparity by calculating the average-squared Euclidean distance among all pairs of points in our trees for logtransformed SVL and compares these with a null model of 1000 simulations under multivariate BM to estimate a morphological disparity index (MDI), similar to previous strategies [70] . We developed the R function Badbrains, which calculates the difference in MDI between each null simulation against the mean of all null simulations to produce a distribution of null BM distances for each tree in the Pp. The difference between the MDI value of each real tree in the Pp is then compared with each respective null BM distance producing a D-MDI statistic, where distributions centred on zero are no different from the null, those that are negative suggest low within-clade disparity and those that are positive indicate high within-clade disparity.
RESULTS (a) Species diversification
Significantly negative gamma statistics, corrected for missing taxa, reject constant rates of species diversification in all groups (p , 0.001). Comparing nine coalescent-derived species diversification models across the Pp distribution of chronograms for each of the four groups overwhelmingly supports declines in speciation rates through time, and at least in crotalines, turnover in diversification where speciation rates are equal to extinction rates ( figure 1) . Similarly, among the 12 standard models of species diversification, DD has the highest AIC weights and is the most commonly found model across Pp distributions, although monotonic decay was also supported in Plestiodon skinks ( figure 1) .
Because the impact of DD is altered by extinction dynamics, we also examined the likelihood of DD against constant species diversification given extinction using a ML approach [34] . Here, DD with or without extinction is favoured over constant rates of species diversification Deterministic diversification F. T. Burbrink et al. 4819 ( figure 2 and table 1 ). Both the shape and the timing of explosive species diversification are similar among groups, indicating that the Mid-Miocene showed extreme diversity accumulation in these groups (see the electronic supplementary material, figure S1 ).
(b) Morphological evolution Phylogenetic signal was significantly different from a random distribution for body size for all three snake groups (Blomberg's K ¼ 0.685 -0.703, p , 0.003) but not for Plestiodon (Blomberg's K ¼ 0.407, p ¼ 0.152). Models of phenotypic evolution differ among groups with respect to both fit across trees and disparity. Models with the highest AIC weights are indistinguishable between OU and late burst for the three snake taxa and white noise for Plestiodon ( figure 3 ). The predicted early-burst model was not supported in any clade. Additionally, independent contrasts were not significantly correlated with age (p ¼ 0.101 -0.284), which also fails to support an early burst in morphology with a slowdown towards present time. Low within-clade disparity, indicated by a negative morphological disparity D-MDI distribution, was detected only in lampropeltinines and thamnophiines, whereas crotalines follow null BM disparification, and skinks reveal high within-clade disparification (figure 4).
DISCUSSION (a) Speciation and extinction rates
Theory predicts that diversification for groups sharing the same physical and temporal source of EO should follow a predictive deterministic process of diversification as niches are filled [7] . Here, we show that species diversification in four co-occurring squamate groups follow the same deterministic process of diversity-dependent speciation and extinction (figure 2). Originating in the NW during the Late Oligocene, these four groups exhibit a common pattern of explosive radiation beginning in the Mid-Miocene (figure 2). This timing of early species diversification for snakes is consistent with the fossil record suggesting modern genera and species formed in the Mid-Miocene, particularly in North America, and is associated with the reworking of forested habitats into grasslands [71] . While this pattern of early burst in speciation is expected and has been documented for other organisms [2, 23, 32, 42, 72, 73] , what is intriguing here is that the decline in speciation rate among the squamates is due to DD, despite differences in diversity among groups ranging from 28 to 123 species.
The standard species diversification models suggest that linear DD dominates three of the four groups, with skinks showing equal support for DD and monotonic decay (a slowing in speciation rate due to external or Figure 1 . Frequency of occurrence for each of (a) the coalescent and (b) standard models with highest AIC weights (see electronic supplementary material, table S1) in the posterior probability distribution composed of 5000 trees for the four New World squamate groups. Models not present indicate they were chosen with a frequency approximately ¼ 0. environmental factors; [17] ). However, these standard models do not account for extinction, potentially giving the illusion of early explosive species diversification and a later slowdown owing to DD. Accounting for extinction with DD using a ML approach [42] rejects constant rate models and still indicates DD ultimately determines species richness for all taxa (table 1) . Therefore, the signal of a deterministic evolutionary process is present in all groups, where the speed of species diversification is initially high after colonization and slows down as diversity increases. This suggests that the exhaustion of novel ecological space is associated with increased diversity and declining rates, as predicted by the theory of AR [7] .
The existence of ecological limits and how they function at higher taxonomic levels have been questioned [24, 74, 75] , yet several studies have demonstrated DD within younger groups, where taxa are well sampled [17, 42, 73] . For more ancient groups, ecological limits have been detected using phylogenetic methods but here the impact of increasing extinction over speciation may confound interpretation [6, 76, 77] . The taxa examined here are relatively young and extinction rates are always estimated to be much less than speciation rates (table 1) . It is therefore likely that DD occurs within these groups that also share similar niches and morphologies, at least until a key innovation evolves, extinction exceeds speciation, or habitats change, reducing competition among members, opening new niche space and allowing for another pulse of explosive diversification [13] . Our results indicate that ecological limits exist at a continental scale and thus, along with the initial colonization of new groups, shape faunal patterns of these communities in the NW.
(b) Morphological disparification
We find that morphological change is decoupled from species diversification, and that morphological disparification processes are generally unique to each group. With regard to the fit of body length across phylogenetic space, we demonstrate that snakes generally follow a pattern of late burst or stabilizing selection (random walk with a central tendency; OU) model of diversification, whereas Plestiodon skinks are no different from a random draw with no phylogenetic signal (white noise). Importantly, none of these groups show the pattern of initial, rapid morphological change predicted for taxa that have diversified early in their evolutionary history [3, 8, 29, 64, 78] . Low within-clade disparity, where species invade and diversify within niches early, is expected for taxa that show early bursts of speciation [23, 78, 79] . However, this pattern (as measured by the D-MDI score) is detected only in two groups (Lampropeltini and Thamnophiini). Low within-clade disparification seen in Lampropeltini is generally associated with clades composed of large taxa that generally feed on endothermic prey (e.g. Pantherophis and Pituophis) contrasted with the smaller sized clades (e.g. Lampropeltis, Cemophora and Arizona) that generally have ectothermic prey diets [48] . Similarly in Thamnophiini, clades composed of taxa with large body sizes tend to remain in aquatic habitats and have mostly piscivorous diets (e.g. Nerodia), whereas clades composed of smaller taxa (e.g. Thamnophis) generally consume smaller terrestrial prey [54] . Within-clade disparity in Crotalinae follows a null BM pattern, and Plestiodon skinks demonstrate high within-clade disparity, a pattern usually indicative of constant rates of species diversification [79] . Ornstein-Uhlenbeck (stabilizing selection) Figure 3 . Frequency of occurrence for each of the morphological models with highest (a) and second highest (b) AIC weights in the posterior probability (Pp) distribution for the four New World squamate groups examined here. Differences between the highest and second highest AIC weights are displayed. Models not present indicate they were chosen with frequency ¼ 0. Table 1 . Tests of models of diversification for each of the four groups of squamates that account for constant rates and diversity dependence (DD) with and without extinction using TreePar [6, 34] . For the DD models, estimates of speciation (l), extinction (m) and carrying capacities (K) were unconstrained or constrained with m equal to 10-50% of the initial unconstrained l. Models with the lowest AICc values and highest AIC weights are marked with an asterisk. [7] . How can groups such as the squamates examined here, sharing similar modes of DD species diversification with the same temporal and geographical EO, not show the predicted pattern of low within-clade disparification and early bursts of morphological diversification? While it is possible that the signature of early morphological divergence may also have been erased by successive diversification resulting in extant morphologies having little power to assess older patterns of change [3] , it is also possible that morphological variation, at least regarding body size, is not tightly linked to the early diversification of species within distinct niches. This is in contrast with what might be expected under an AR process where ecomorphological differences are the driver of speciation. Snake diversification in the West Indies has shown that ecological niche and morphological disparity are uncoupled, where niche follows the pattern of high disparity consistent with constant speciation rates and morphology reflects low disparity [13] . Therefore, the possibility remains that morphological divergence, at least in size, is not related to niche divergence. It is also possible that other traits more directly associated with EO evolve rapidly in early bursts, while body size does not. However, the pace and process of morphological diversification may have little to do with the pace of species diversification, and may not be predictable across groups that share the same source of EO. Such de-coupling of species diversification and disparification dynamics among groups has been found by other authors [3, 11, 13, 31] . Therefore, morphological change may be contingent to the group, and tied to their particular niches and specific ecological limits under which the clades evolved. For instance, the only lizard clade (Plestiodon), which by default exists in a very different niche space than the other taxa, shows a morphological pattern without significant phylogenetic signal and positive disparity, usually associated with constant rates of speciation, whereas the other clades demonstrate negative or neutral disparity. A very likely explanation for these results is that a strict association between species diversification and morphological variation is unlikely in an AR. In the snake taxa examined here, morphological diversity is still rising, whereas rates of speciation decline. This has been observed in the fossil record and other molecular phylogenetic studies showing that while rates of morphological and species diversification may be closely tied early in the history of a group, this association becomes unravelled at the end of an AR [7, 30, 31] . Here, DD reduces speciation rate, but seems to have no effect on rates of morphological change, indicating that different causes change rates of morphological and species diversification. Foote [33] suggested that if both newly originating lineages and those that go extinct are random with respect to the morphological variation found within the group, then morphological diversity should continue to increase unabated as rates of speciation decrease. Furthermore, if speciation occurs only at the edges of the morphological distribution, then rates of morphological diversity should increase as speciation rates decline, as seen in the late morphological burst pattern among the snakes examined here. Decoupled species and morphological diversification should then be considered as a likely outcome at the end of AR rather than a pattern that refutes the theory.
(d) Conclusions
Our analyses demonstrate that diversification processes during AR are deterministic when sources and timing of EO are similar. Here, reptiles that colonized the NW in the Late Oligocene or Early Miocene all show similar timing of early pulses of speciation as well as diversitydependent ecological limits at a continental scale. By contrast, processes of morphological divergence are not easily predictable and likely contingent to the group and their particular niches and saturation limits. This indicates that, while ecological differentiation is still likely the primary driver of AR via EO, the processes that drive species diversification and disparification may not be mechanistically linked, particularly at the later stages of an AR. Second, it suggests that processes of phenotypic evolution cannot be predicted solely from the existence of an AR or knowledge of the process of species diversification. Future questions now include (i) is this similarity of species diversification process conserved across even more distantly related groups (e.g. squamates compared with birds, mammals, amphibians, sponges, microbes, etc.) and (ii) what is the diversity of disparification processes among groups, and can it be related to any ecological or temporal factors (e.g. microhabitat utilization, competition, timing of colonization, etc.)?
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